Primary culture of human Schwann cells (SCs) and vestibular schwannoma (VS) cells are invaluable tools to investigate SC physiology and VS pathobiology, and to devise effective pharmacotherapies against VS, which are sorely needed. However, existing culture protocols, in aiming to create robust, pure cultures, employ methods that can lead to loss of biological characteristics of the original cells, potentially resulting in misleading biological findings. We have developed a minimally manipulative method to culture primary human SC and VS cells, without the use of selective mitogens, toxins, or time-consuming and potentially transformative laboratory techniques. Schwann cell purity was quantified longitudinally using S100 staining in SC cultures derived from the great auricular nerve and VS cultures followed for 7 and 12 weeks, respectively. SC cultures retained approximately !85% purity for 2 weeks. VS cultures retained approximately !80% purity for the majority of the span of 12 weeks, with maximal purity of 87% at 2 weeks. The VS cultures showed high level of biological similarity (68% on average) to their respective parent tumors, as assessed using a protein array featuring 41 growth factors and receptors. Apoptosis rate in vitro negatively correlated with tumor volume. Our results, obtained using a faster, simplified culturing method than previously utilized, indicate that highly pure, primary human SC and VS cultures can be established with minimal manipulation, reaching maximal purity at 2 weeks of culture. The VS cultures recapitulate the parent tumors' biology to a great degree, making them relevant models to investigate VS pathobiology.
Introduction
Schwann cells are the principal glia of the peripheral nervous system, supporting neuronal function and regeneration. Neoplastic growth of Schwann cells leads to schwannomas, with the most common type being vestibular schwannomas (VSs) arising from the vestibular nerves. Histological incidence of VS is 1:100 (Ohtani et al., 2007) while clinical incidence ranges from 1:10,000 for unilateral and sporadic VS (Stangerup and Caye-Thomasen, 2012) to 1:30,000 for bilateral VSs occurring in association with neurofibromatosis type II syndrome (Evans et al., 2010) . VSs typically cause hearing loss, tinnitus, and imbalance, and can lead to death from brainstem compression (Matthies and Samii, 1997; Thomsen et al., 1983) . Treatment options available today are essentially limited to surgical resection via craniotomy or stereotactic radiation therapy, both of which carry substantial risks (Demetriades et al., 2010; Hardy et al., 1989) . There is an unmet medical need for an effective pharmacotherapy against VS; a representative culture model of VS cells and healthy SCs can address this need by expediting testing of promising compounds. The existing culture models have limitations, particularly in their complex and potentially transformative purification procedures. Further, many studies describe the VS and SC culture systems at a given time point, lacking data that characterize the ideal time points to utilize the cultures.
Among existing SC culture methods, some have utilized SC mitogens such as forskolin, and fibroblast cytotoxins such as cytosine arabinoside (Calderon-Martinez et al., 2002; Casella et al., 1996; Niapour et al., 2010) , which can alter SC physiology (Hood et al., 2009) , and potentially cause SC cytotoxicity or selection for a subset of SCs (Armati et al., 1990) . Although highly pure SCs can be cultured by fluorescence-activated cell sorting (Spiegel and Peles, 2009 ) and by exploitation of differential SC attachment using collagenase treatment (Jin et al., 2008) , these techniques require expensive materials, special facilities and substantial cell manipulation. Other methods to achieve high SC purity rely on timeconsuming explantations of cells (Hood et al., 2009; Morrissey et al., 1991) . Additionally, cultures derived from adult rat sciatic and other peripheral nerves (Mauritz et al., 2004; Morrissey et al., 1991; Niapour et al., 2010) may have limited applicability to humans, as cultured animal and human SCs can behave differently (Morrissey et al., 1991) . Primary cultures derived from human VS are established in a similar manner as SCs to prevent fibroblast contamination (Nair et al., 2007) , using methods that may alter VS pathobiology. Further, those who have successfully cultured VS cells have not characterized these cultures over time (Bush et al., 2012; Neff et al., 2012) .
We describe an improved, minimally-manipulative method, based on modification of techniques previously applied in animal and cadaveric human tissue (Casella et al., 1996; Mauritz et al., 2004; Morrissey et al., 1991; Niapour et al., 2010) to efficiently and affordably establish human SC and VS cultures. By following the SC and VS cultures longitudinally for 7 and 12 weeks, respectively, we define 2 weeks of culture as the optimal time point to maximize cell purity. We demonstrate that our culture system is representative of the parent tissue as the derived VS cultures showed a high level biological similarity to the respective parent tumors, reinforcing the cultures to be relevant models of VS pathobiology.
Methods

Specimen collection
Great auricular nerves (GANs) were used as the source for healthy human SCs as they are routinely sacrificed for access during parotidectomies and neck dissections. Importantly, schwannomas and diseases of the GAN are exceptionally rare, making it an excellent source of healthy SCs. Immediately after GAN resection, nerve specimens measuring 1 cm (from parotidectomies) to 5 cm (from neck dissections) were placed in sterile saline on ice and transported to the laboratory. Similarly, human VS tumor specimens were collected immediately after resection and were transported to the laboratory in sterile saline on ice. The total time from resection to processing was approximately 20 min for GANs and VSs. Specimens were handled according to the institutional review board's study protocol approved by the Human Studies Committee of Massachusetts General Hospital (Protocol No. 2004 (Life Technologies, NY, #55050) . Under a dissecting microscope, the fascicles were isolated from the epineurium by tugging on the perineurium using no. 5 forceps (Fine Science Tools, CA, #11251-20), while clasping the epineurium with no. 3 forceps (Fine Science Tools, CA, #11231-30). A scalpel blade (#10) was used to cut the nerve into 1e2 mm segments, which were then incubated in an enzymatic mixture containing 250 U/mL Hyaluronidase Type I-S (SigmaeAldrich, MO, #C1639) and 160 U/mL Collagenase Type I (SigmaeAldrich, MO, #3506) in DMEM/F12 medium. No further growth factors were added. GAN pieces were incubated for 24 h at 37 C with 5% CO 2 levels. In the meantime, in a sterile environment, 12-well dishes (USA Scientific, Inc., FL, # CC7682-7512) were coated with poly-L-ornithine (SigmaeAldrich, MO, #P4957) overnight at room temperature (RT), rinsed with sterile PBS thrice and coated with laminin (BD Biosciences, MA, #354232) diluted (1:400) in DMEM/F12 medium for at least 1 h at room temperature (RT). After the enzymatic incubation of the culture, the cell culture-containing medium was triturated using an 18-gauge needle (BD Biosciences, MA, #309574). The cells were recovered by centrifugation at 1000 g for 5 min at RT. The pellet was resuspended in supplemented DMEM/F12 medium and plated on poly-LLysine and laminin pre-coated coverslips (BD Biosciences, MA, #334087) within the 12-well dishes coated with poly-L-ornithine and laminin. Culture medium was replaced with fresh medium after 24 h, then every 3 days.
The same protocol was followed for VS cell cultures with two notable changes. Firstly, during initial tissue dissection, cauterized portions (white and opaque) and blood vessels were carefully separated and removed from the main specimen (yellow and clear, fascia-like). The cleaned specimen was minced into approximately 1 mm 3 pieces by using two no. 5 forceps. Secondly, the tumor cells were incubated in media with enzyme mixture for 18 h (versus 24 h for GAN). This length of time was found to be ideal for separating cells while also retaining some tumor cell clusters to augment the growth of the culture.
Culture characterization
Longitudinal culture growth was assessed qualitatively through light microscopy. Differential interference contrast microscopy images were obtained weekly in select GAN-derived and VSderived cultures for up to 10 and 12 weeks, respectively.
Immunofluorescence
Longitudinal SC purity was quantified using immunofluorescence. Cultured cells were washed in PBS, fixed with 4% paraformaldehyde (Electron Microscopy Sciences, PA) in PBS for 20 min, washed with PBS, treated with 0.4% Triton X (Integra Chemical, WA, #T756.30.30) for 5 min, exposed to a blocking buffer consisting of 5% Normal Horse Serum (NHS, SigmaeAldrich, MO, #H1270), and incubated in primary anti-S100 antibody (Dako, CA, #Z0311, 1:400) diluted in 1% NHS overnight at 4 C to mark SCs. According to the manufacturer, this antibody strongly labels S100B, an isoform expressed by glial cells and highly enriched in SCs (Spreca et al., 1989) , and very weakly labels S100A6, an isoform found in fibroblasts and epithelial cells. At the dilution used, we did not find S100 labeling in morphologically fibroblast-like cells. The cells were washed and an anti-rabbit IgG (Jackson Immuno Research, PA, #711-095-152, 1:200) diluted in 1% NHS was applied for 2 h at RT. Nuclear staining was performed with two 5-min washes in Hoechst stain 33342 (Life Technologies, NY, #H1399, 1 nM dilution) followed by two 5-min PBS washes. The coverslips were mounted on glass slides using Vectashield (Vector Laboratories, CA, #H-1000). The edges of the coverslips were sealed using clear nail polish (Electron Microscopy Sciences, PA). Cells were observed under the Axioskop 2 mot plus differential interference contrast microscope (Carl Zeiss, Germany) and photographed with the Axiocamera (Carl Zeiss, Germany) attached to the microscope. The fraction of Schwann and schwannoma cells present in the culture was quantified using manual counting. Cells were counted in !3 random fields per culture per time point. SC purity was reported as the ratio of S100 positive cells (cytoplasmic stain) to Hoechst positive cells (nuclear stain). The quantification was done for !3 different cultures for each time point. The data for each time point were not necessarily obtained from the same culture, although the majority of the measurements were done by following a given culture longitudinally. Slides were stored in the dark at À20 C to minimize photobleaching.
Growth factor protein arrays
Part of the fresh tumor specimens, after being washed in fresh sterile phosphate-buffered saline (PBS) thrice, were placed into cold RIPA buffer fortified with protease and phosphatase inhibitors for protein extraction. Protein was also extracted from VS cultures, aged approximately 2 weeks. Human growth factor array membranes printed with 41 specific antibodies in replicate (Human Growth Factor Array C1, RayBiotech, Inc., GA, Catalog #AAH-GF-1) were probed with tissue lysate from 3 parent VSs and corresponding cell culture lysates. The manufacturer's protocol was followed for experimental procedures. Briefly, samples were dialyzed and protein concentrations, measured spectrophotometrically, were normalized and then conjugated with biotin. The membranes were exposed to the blocking buffer, incubated with biotin-conjugated sample at 4 C overnight, washed and incubated with HRP-conjugated streptavidin at 4 C overnight. The membranes were incubated in detection buffer for 1 min, and exposed in Chemidoc (BioRad Laboratories, Hercules, CA). Optical density for the growth factor arrays was measured using Quantity One (BioRad Laboratories, Hercules, CA) and was analyzed and normalized for all samples using the RayBiotech Growth Factor Array analysis tool (RayBiotech, Inc., GA).
Proliferation assay
Proliferation rate of 12 VS cultures was assessed and correlated with the tumor volume, measured by investigator G.M.B. and G.J.H., in the latest gadolinium enhanced T1-weighted magnetic resonance imaging (MRI) scan prior to surgical resection, and with tumor growth in vivo, measured as changes in the tumor's volume over time calculated from serial MRI scans. Tumor growth was standardized by dividing the growth rate by the initial tumor volume. Separate analyses were performed for solid tumors, which generally account for approximately 96% of VSs (Charabi et al., 1994) , versus all studied tumors, which included 4 out of 13 total tumors with a visible cystic component, because cystic components could misrepresent true tumor volume (Charabi et al., 1994) . To determine the level of cell proliferation in the cultures, Bromodeoxyuridine (BrdU) was added to the cells at a concentration of 10 mg/ml 20 h before the cells were fixed. The cells were kept in the dark after the addition of BrdU. Immunofluorescence protocol was followed as described (section 2.4), and cell and nuclear membranes were permeablized by incubation in 1% Triton-X for 10 min and by incubation in 2N Hydrochloric acid for 20 min, respectively, after fixation. Primary antibody against BrdU (AbD Serotec, NC, #OBT0030G, 1:200) and anti-rat IgG (Life Technologies, NY, #A21209, 1:1000) were used. BrdU-and Hoechst-stained nuclei were counted in 3e5 fields and the ratio of BrdU positive to Hoechst positive nuclei was used to determine the proliferation rate in vitro.
Apoptosis assay
Rate of apoptosis in 6 VS cultures was assessed and correlated with tumor growth in vivo and tumor volume. Two out of the six VS had cystic components. Apoptosis was measured using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL, Roche Applied Sciences, NY, #11684795910) following manufacturer's instructions. Briefly, immunofluorescence protocol was followed as described (section 2.4) until fixation, then the cells were washed with PBS thrice and incubated in 1% Triton-X for 10 min on shaker. The cells were washed with PBS once and incubated in TUNEL mix for 1 h at 37 C, then for 30 min at RT on shaker. The cells were then incubated in rhodamine phalloidin (Life Technologies, NY, #R415, 1:40) and Hoechst stain for 20 min, washed with PBS thrice and mounted onto slides for imaging. TUNEL and Hoechst stained nuclei were counted in !3 fields and the ratio of TUNEL positive to Hoechst positive nuclei was used to determine apoptosis rate in vitro. A positive control of 10 min-DNAse (Roche Applied Sciences, NY, #04536282001) treatment prior to TUNEL labeling was utilized.
Statistical analyses
Microsoft Excel 2010 (licensed to MEEI) was utilized for statistical analyses pertaining to Schwann cell purity, proliferation and apoptosis assays. Schwann cell purity was compared between different time points using a two-tailed t-test followed by Benjamini-Hochberg adjustment to obtain p-values. Nonparametric spearman's rank correlations were utilized when correlating VS culture proliferation and apoptosis rates to tumor growth rate in vivo and tumor volume as recommended for small sample sizes (N < 15). Standard error of means (SEM) are provided for S100, proliferation and apoptosis cell counts, where mean of each culture (counted in !3 different fields) was compared across cultures from different specimens. Standard deviations (SD) are provided for all other measures. To analyze growth factor array expression, R software (Free Software Foundation) was utilized for hierarchical clustering (with Manhattan distance measurement and complete linkage). Additionally, after repeated measures ANOVA, Excel was utilized for paired t-tests followed by BenjaminiHochberg adjustment to obtain p-values. For all statistical analyses, a p-value (p) < 0.05 was considered significant.
Results
Human nerve-derived primary Schwann cell culture
Fifteen GAN specimens, each from a different patient, were acquired, yielding healthy SCs for culture. Cultured cells isolated after enzymatic digestion adhered onto coverslips in less than 24 h. Dissections with the most clear and successful isolation of the fascicles gave rise to the purest SC cultures. The cultured cells demonstrated distinct morphologies whose distribution changed significantly overtime (Fig. A.1 ). The morphologies seen were SClike with a small cell body and bipolar processes versus fibroblast-like with flat and polygonal cell body accompanied by a larger nucleus than that of SC-like cells. SC-like morphology predominated in the culture until week 2 (Fig. 1A (a), (b) ) at a confluence of approximately 40%, at which point fibroblast-like cells began to predominate. Although the confluence increased significantly after week 2 (Fig. 1A(c) ), progressively reaching 99%, most of this increase could be attributed to fibroblast-like cell infiltration and proliferation (Fig. A.1 ). This interceding phase of fibroblast-predominance reverted around week 7, at which time proliferation subsided and fibroblast-like cells appeared to be dying faster than SCs (Fig. 1A(d) ). The culture retained a high SC-like cell distribution in weeks 8 through 10, similar to the cellular distribution seen before 2 weeks of growth (Fig. A.1 ). Culture growth was not assessed after 10 weeks in vitro as very few cells remained.
Human schwannoma-derived primary cell culture
Twenty-four VS specimens, each from a different patient, were acquired and used for VS cell culture. Specimens that were minimally cauterized before resection and were processed for culture immediately post-resection seemed to yield the purest and most robust cultures. Cellular morphology seen was similar to nervederived cultures, although the cells were larger (Fig. 2A) . Longitudinally, the cells could be characterized by sustained growth, lacking contact-mediated inhibition and cell loss seen in week 7 of nerve-derived cultures. These characteristics are consistent with neoplastic growth. For VS cultures, it was important to retain few cell clusters (Fig. 2C) for many of the cultures, or else the cultures were not as robust. The cell density was noted to be increasing until week 3, after which the total number of cells decreased as the cultures aged (Table A .1), suggesting that culture proliferation peaks at approximately week 3.
Schwann cell purity
Schwann cell purity was assessed by immunostaining for cytoplasmic S100, a well-established marker for SCs (Spreca et al., 1989) . Actual values for fraction of S100 positive cells from the nerve-derived and schwannoma-derived cultures are provided in Table A .1. In the SC cultures followed in vitro over time, we demonstrate a high level of SC purity, averaging 85% for up to 2 weeks; after that fibroblast-like cells predominate (Fig. 1A, B , Table A.1). For weeks 1 through 7, our qualitative observations (Fig. A.1 ) were in concert with the quantitative measurements based on the fraction of S100 positive cells (Fig. 1B, Table A.1) .
Although most SC cultures demonstrated !70% purity throughout the duration of the experiments, two out of nine cultures retained approximately 10% SCs over time.
Schwannoma-derived cells retained 80% purity on average for the majority of 12 weeks in vitro ( Fig. 2A, B , Table A.1). There was a decrease in S100 positivity at week 3, which could be partly attributed to the fact that different cultures were used to quantify percentage of S100-positive cells at 3 weeks than at other time points (Table A.1). Similar to the nerve-derived cultures, two out of seventeen VS cultures retained many more fibroblast-like cells than SCs, potentially due to the extent of cauterization of the tumor immediately prior to resection. S100-based SC or VS purity did not differ significantly between subsequent weeks of growth (p > 0.05 for all comparisons).
Correlation of parent VS biology to derived cultures
Out of the 41 growth factors and receptors analyzed, VS1, 2 and 3 had 31, 25 and 7 proteins expressed, respectively (Fig. 2D , Table A .2). VS1's protein expression was most similar to its derived culture, having 25 proteins expressed, with 83% proteins overlapping (Fig. 2D, Table A. 2). VS2, having 19 proteins expressed, and VS3, having 4 proteins expressed, had 76% and 43% proteins overlapping with their respective derived cultures (Fig. 2D, Table A .2). On average, 68% proteins present in a tumor were also present in the corresponding derived culture, with only a few new proteins being detected in the culture that were not present in the tumors, on average 13.4% (Table A. 2). Three proteins, namely macrophage colony stimulating factor (M-CSF), vascular endothelial growth factor D (VEGF-D) and fibroblast growth factor 2 (FGF2), were present in all VS and VS cultures. Hierarchical clustering demonstrated that a given VS and its derived culture were most closely related (Fig. 2D) . Although we did find that the relative level of different proteins differed between the original tumor and cultures, the most highly expressed proteins in the tumors were also highly expressed by the cultures (Fig. 2D, Table A. 2). Conducting a repeated measures ANOVA, significant expression difference among the entire set of tumors and derived cultures was found for the 41 proteins (p < 0.001). Paired t-tests indicated that the parent tumors were not significantly different from their cultures, with pvalues for VS1, VS2 and VS3 being 0.99, 0.99 and 0.41, respectively. The rest of the comparisons, e.g. VS1 with VS2 or VS1 with VS2 culture, were significant (p < 0.01), except for VS3 with VS1 (p ¼ 0.55) and VS1 culture (p ¼ 0.55). This trend of similarity between VS1 and VS3 is also reflected in the dendogram (Fig. 2D) . Although most proteins found in the VS were present in the cultures, three proteins, being the insulin growth factor 2 (IGF-II), insulin-like growth factor 1 receptor (IGF-I sR) and neurotrophin-3 (NT-3), were not found in the cultures although being present in atleast two out of three VSs analyzed (Fig. 2D, Table A.2) . Members of the fibroblast growth factor family, fibroblast growth factor 6 (FGF6) and 7 (FGF7), although not being present in the parent tumors, were expressed in the derived cultures VS2C and VS3C, respectively (Fig. 2D, Table A. 2). Probing with RIPA only did not produce positive staining except at the positive control spots coated with the biotinylated IgGs.
Correlation of tumor growth rate in vivo to culture characteristics
To determine whether the growth patterns noted in vivo were recapitulated in the cultures, we studied how VS volume and growth in vivo, as assessed by MRI, correlated with VS cell proliferation (Fig. 3A) and apoptosis in vitro (Fig. 3D) . Thirteen VS patients had tumor growth rates available because their tumors were followed by serial imaging prior to resection; 12 of these tumors were used for assessing proliferation rate in vitro and 6 for apoptosis rate in vitro in the derived cultures. MRI sections of the 13 VS (Fig. 3G ) demonstrate that 4 tumors had an apparent cystic component (tumors labeled (j)-(m)). Spearman's coefficient of rank correlation is indicated by R, with number of specimens being N. The range of VS proliferation in vitro was 0%e13.51% for all 12 VS analyzed. When including all tumors (N ¼ 12), VS proliferation in vitro, expressed as mean ± SEM, was 6.58 ± 1.29% and did not correlate with tumor volume, expressed as mean ± SD, being 2.61 ± 2.39 cm 3 (R ¼ 0.27, p ¼ 0.39, Fig. 3B ) or the normalized tumor growth rate in vivo, being 0.05 ± 0.07 cm 3 /month (R ¼ À0.11, p ¼ 0.73, Fig. 3C ). When including only solid tumors (N ¼ 9, black yellow indicates high expression, orange indicated low expression, and dark red indicated no detectable expression. Scale bar ¼ 100 mm applies to all images in panel A and C. dots in Fig. 3B and C) , VS proliferation in vitro was 6.77 ± 1.48% and still did not correlate with tumor volume, being 1.87 ± 1.41 cm 3 (R ¼ 0.33, p > 0.10) or the normalized tumor growth rate in vivo, being 0.04 ± 0.08 cm 3 /month (R ¼ À0.10, p > 0.10). Analyzing a subset of the tumors (N ¼ 4), 64.0% ± 4.7% (SEM) of the BrdUpositive cells were also S100-positive (Fig. 3A) , suggesting that majority of the proliferation is arising from the schwannoma cells in the culture. Tumor growth and tumor volume in vivo did not correlate when including all VS (N ¼ 12 different VS, R ¼ À0.08, p ¼ 0.81) or when including only solid VS (N ¼ 9 different VS, R ¼ À0.37, p > 0.10) in the analysis. Apoptosis was measured in VS cultured cells using TUNEL and found to be occurring at low rates (1.55 ± 0.72% SEM) in VS cultures (N ¼ 6 different VS, Fig. 3D ). Apoptosis rates in vitro negatively correlated with tumor volume ) is plotted against VS apoptosis rates in vitro (based on % nuclei that are TUNEL-positive) (N ¼ 6 different VS). F. Tumor growth in vivo (cm 3 /month) calculated from serial MRIs is plotted against VS apoptosis rates in vitro (N ¼ 6 different VS). G. Gadolinium-enhanced VSs, which appear white on T1 weighted images, used in the proliferation and apoptosis assay, with (a)e(m) images representing the tumors labeled aem in plots shown in panels B, C, E and F. White arrows, shown in images (a)e(i), point to solid VSs and light blue arrows, shown in images (j)e(m), point to VS with cystic components. In panels B and C, out of 12 VSs, 3 VSs with a cystic component are marked in light blue and in panels E and F, out of 6 VSs, 2 VSs with a cystic component are marked in light blue. Spearman's coefficient of rank correlation (R) and p-value (p) in given for analyses conducted on all VSs, including cystic VSs, in panels B, C, E and F. Scale bar ¼ 100 mm applies for panels A and D. Scale bar ¼ 4 cm for all images in panel G.
(R ¼ À0.91, 0.025 < p < 0.05, Fig. 3E ) and did not correlate with tumor growth in vivo (R ¼ 0.16, p > 0.10, Fig. 3F ) when analyzing all VS. When including only solid VS (N ¼ 4, black markers in Fig. 3E and F), the negative correlation between apoptosis rate in vitro and tumor volume was no longer present (R ¼ À0.8 p ¼ 0.20).
Discussion
Primary cultures of VS cells and control non-neoplastic SCs are important tools to investigate VS pathobiology and its divergences from healthy SCs, and thereby enable effective drug development against VS. To overcome some of the manipulations currently utilized in VS and SC cultures, which could transform cells and alter their true biology, we established a reproducible and technically easier method to culture primary human SCs and VS cells. We avoided currently popular practices of using cell specificmitogens or toxins, and we circumvented time-consuming, resource-intensive protocols. Additionally, we did not passage the cultured cells, a procedure known to alter the cells' biology (Neumann et al., 2010) . Our modified protocol employs techniques such as laminin-coated coverslips and mild collagenase treatment, as suggested by previous successful work in isolating SCs (Pannunzio et al., 2005) . Our study is the first to longitudinally and quantitatively characterize primary human nerve-derived culture (over 7 weeks) and schwannoma-derived culture (over 12 weeks). This provides estimates for the most effective time windows to use healthy and neoplastic Schwann cells to investigate biological pathways in vitro. Additionally, we investigated biological similarity between the parent VSs' and derived cultures' pathobiology, validating our culture system to be representative of the tumor in vivo.
The SC purity that we achieved (85%) from surgically sacrificed human GANs is superior to previously described minimally manipulative SC culture methods, which demonstrated SC purities ranging from 35 to 64% (Morrissey et al., 1991; Niapour et al., 2010) . In line with other studies demonstrating fibroblast infiltration in Schwann and VS cultures (Calderon-Martinez et al., 2002; Niapour et al., 2010) , we note fibroblast-like cells infiltrating the cultures over time, although at lower levels than previously reported. Our success may partly result from careful dissection of the nerve to remove the epineurium. In fact, in the two outlier SC cultures with very low purity, we believe that impurities may have been introduced at the time of nerve dissection due to incomplete removal of fibrous sheath or contamination of cell culture with discarded pieces. We realized over the duration of the study that precision in removing the epineurium cleanly and carefully to avoid damage to the fascicles was an important factor for a high SC purity longitudinally. While we were unable to overcome eventual fibroblast-like cell contamination, as has been possible with potentially highly manipulative and transformative methodologies, e.g. 95% purity gradually achieved over 20 days with antimitotic cytosine arabinoside (Ara-C) treatment (Calderon-Martinez et al., 2002) , we did establish a relatively pure population (85% purity) of minimally transformed SCs for up to 2 weeks. Our data demonstrating a drop in SCs after 2 weeks, followed by resurgence of SCs at 7 weeks, are consistent with fibroblast proliferation and eventual death in culture, with more stable SCs over time.
Our protocol was also effective in establishing a robust schwannoma cell culture (80% pure) for the majority of 12 weeks, in contrast to others who noted significant fibroblast contamination when using a minimally manipulative protocol (Nair et al., 2007) . Our purity was highest at 2 weeks (87% pure), suggesting that this time point is optimal for use of the culture to investigate schwannoma pathobiology.
Although an immortalized schwannoma cell line is available, i.e. HEI-193, a major advantage of primary cell cultures over cell lines is that the primary cultures are not transformed, and that they can capture the inherent biological diversity between different patients and tumors, which facilitates development of therapies that are generally effective. We attempted to explore the similarity between the parent tumors' biology and their derived cultures using a protein array, a novel comparison to the best of our knowledge. This microarray, consisting of 41 proteins, included several receptor tyrosine kinases (e.g. epidermal growth factor receptor (EGFR), Ahmad et al., 2011) and growth factors (e.g. fibroblast growth factor 2 (FGF2), Koutsimpelas et al., 2007; Dilwali et al., 2013) that have already been implicated in VS pathobiology. Such correlations are important to critically evaluate how representative a culture system is of the VS pathobiology in vivo. We found, on average, 68% biological similarity between the parent tumor and the derived culture, as assessed with protein arrays. Our studies are comparable to those of other cells, namely hepatocytes, which showed 77% similarity in gene expression between parent tissue and primary cultures (Olsavsky et al., 2007) using mRNA microarrays. Our analysis demonstrates that the significant intertumor heterogeneity present in VS is maintained in our culture system since the parent VSs and their derived cultures segregated into pairs in an unbiased hierarchical clustering analysis. Although most of the biology in parent tumors was noted in the derived cultures, the diminished expression of specific proteins, such as some components of the insulin growth factor pathway or neutrotrophin-3, as well as new expression of proteins in culture reinforces that one should validate the aberrant expression of a given biological protein in primary tissue before studying its role in culture. Interestingly, some components of the IGF pathway, i.e. IGF-I, IGFBP-1 and IGFBP-3, were still detected in the culture if present in the parent VS, suggesting the diminished expression to be protein-specific rather than pathway-specific. Similarly, there was new expression of some members of the fibroblast growth family. These changes are expected as we alter the microenvironment of these cells from in vivo to a much simpler in vitro system. Nonetheless, it is reassuring that our VS culture system still provides a representative model to a great extent.
We attempted to correlate VS cultures' growth patterns with the clinical features of the parent tumors in vivo. We observed a large range of VS proliferation in vitro among different cultures, consistent with the heterogeneous VS growth rates in vivo and in vitro (Utermark et al., 2005) . The low rates of apoptosis that we observed in VS cultures are consistent with the neoplastic nature of these cells. Although our rate, averaging 1.55%, is lower than a study conducted by Utermark et al. describing apoptosis rate in primary VS cultures (8.5% using TUNEL), it was closer to their findings in paraffin-embedded tumor specimens (0.65%) (Utermark et al., 2005) and similar to other studies noting 1.16% apoptosis rate in primary VS cultures (Cioffi et al., 2010) . Interestingly, we did find that the apoptosis rate was negatively correlated with tumor volume (0.025 < p < 0.05), suggesting that smaller tumors exhibit higher rates of cell death. Future work is needed to affirm this correlation. Removing the VSs with cystic component, the correlation's significance was lost. Since the spread of the data points did not change considerably (Fig. 3E) , it is probable that this change in significance was due to a decrease in sample size from N ¼ 6 to N ¼ 4, rather that due to exclusion of cystic tumors. We did not find proliferation rates of cultured VS cells to correlate with tumor growth rate or volume in vivo e this held even if only solid tumors were analyzed, if tumor growth was not standardized to initial volume or if growth rate was measured linearly, rather than volumetrically. This could be partially due to the intratumor heterogeneity as we could have obtained the specimen from a portion of the tumor that is proliferating differently than other areas within the tumor. Additionally, sample manipulation prior to surgical removal could have led to the cells' behavioral changes from in vivo to in vitro. However, we could not find any specific characteristic such as potential time delay in extracting and processing the sample or the level of cauterization to be indicative of the culture's proliferation rate. Further, since on average 64% of the BrdU-positive cells were S100-positive, it could be that the remainder of proliferating cells, including fibroblasts and other cell types that may not be as proliferative in vivo, are actually altering the proliferation rate of the culture in comparison to if it was solely comprised of schwannoma cells. We found no correlation between tumor growth in vivo versus tumor volume, in line with studies that indicate that there is a negative or weak correlation between tumor volume and growth rate (Herwadker et al., 2005; Nutik and Babb, 2001; Yoshimoto, 2005) . Importantly, our study employed mostly large tumors because smaller tumors are typically not surgically removed (Smouha et al., 2005) and therefore size could have been a confounder leading to the lack of correlations noted. Additionally, although approximately 4% of all VS are usually cystic in nature (Charabi et al., 1994) , our study had 31% VS (4 out of 13) with a cystic component, a characteristic that has been associated with large and symptomatic tumors that are targeted for surgical removal (Nutik and Babb, 2001 ). In our study, cystic VSs' growth patterns in vivo or in culture could not be distinguished from solid VSs.
Conclusion
The ability to grow human SCs and VS cells with minimal manipulation provides a way to expand a population of such cells without the risk of transformation or loss of functional characteristics. Here we longitudinally characterize pure primary human SC and VS cultures, established using a methodology that combines clinical and practical feasibility with technical simplicity and speed. We demonstrate a high level of biological similarity between the derived VS cultures and their respective parent tumors, suggesting the culture system to be a representative tool to study the pathobiology of neoplastic SCs.
